We have investigated temperature-dependent electronic structures of Na2IrO3 to unravel its insulating nature. Employing the combined scheme of the density-functional theory (DFT) and the dynamical mean-field theory (DMFT), we have shown that the insulating state persists even above the Néel temperature (TN ), which reveals that Na2IrO3 is classified into a Mott-type insulator. The measured photoemission spectrum in the paramagnetic (PM) state is well described by the electronic structure obtained from the DFT+DMFT for the insulating state above TN . The analysis of optical conductivity, however, suggests that the non-local correlation effect is also important in Na2IrO3. Therefore, Na2IrO3 is not to be a standard Mott insulator in that the extended nature and the non-local correlation effect of Ir 5d electrons are important as well in describing its electronic and magnetic properties.
We have investigated temperature-dependent electronic structures of Na2IrO3 to unravel its insulating nature. Employing the combined scheme of the density-functional theory (DFT) and the dynamical mean-field theory (DMFT), we have shown that the insulating state persists even above the Néel temperature (TN ), which reveals that Na2IrO3 is classified into a Mott-type insulator. The measured photoemission spectrum in the paramagnetic (PM) state is well described by the electronic structure obtained from the DFT+DMFT for the insulating state above TN . The analysis of optical conductivity, however, suggests that the non-local correlation effect is also important in Na2IrO3. Therefore, Na2IrO3 is not to be a standard Mott insulator in that the extended nature and the non-local correlation effect of Ir 5d electrons are important as well in describing its electronic and magnetic properties. Identifying the insulating nature of transition metal oxides has been a central and long-standing subject in modern condensed matter physics. [1] Recent attention has been paid to 5d transition metal oxides, Sr 2 IrO 4 and Na 2 IrO 3 , whether they belong to Mott-type or Slatertype insulators. The strong spin-orbit coupling (SOC) and the rather weak Coulomb correlation of 5d electrons are known to be two essential ingredients in determining the ground state physics of Sr 2 IrO 4 and Na 2 IrO 3 . [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Despite intense studies on the role of interplay between Coulomb interaction and SOC, however, there has been no consensus on the nature of their insulating states yet. For example, on the insulating nature of Sr 2 IrO 4 , there exist two contradictory reports, Mott insulator [6] vs. Slater insulator. [7] A marginal Mott insulating state was also proposed, in which the insulating state above the Néel temperature (T N =240 K) was attributed to the presence of short range antiferromagnetic (AFM) correlation. [9, 15] For Na 2 IrO 3 too, which is a system of our present interest, there have been debates on its insulating nature. [11] [12] [13] [14] [17] [18] [19] [20] [21] Na 2 IrO 3 exhibits insulating state at room temperature (T ), well above T N =15 K. [11, 12] The paramagnetic (PM) state with Curie-Weiss susceptibility behavior was confirmed up to T = 500 K. [12] The zigzag-type AFM ordering occurs below T N . [8, 22] To explain the AFM insulating ground state of Na 2 IrO 3 , both the Motttype [11, 17] and Slater-type [13, 18, 19, 21] mechanisms of the metal-insulator transition were invoked. In the former, the good basis to describe the local electronic structure is derived by consideration of the on-site atomic SOC and the crystal field. This basis is usually very close to the relativistic J ef f =1/2 orbital. [5, 16, 20, 23, 24] Superexchange-based formalism is used to describe the zigzag-type AFM ordering. [14, 25] The observed PM insulating state well above T N supports the Mott-type mechanism. [11] In the Mott-type mechanism, however, very long range magnetic interaction or very high energy excitation is required to describe the zigzag-type AFM ordering, which raises the question on the validity of superexchange-based formalism. [19] On the other hand, in the Slater-type mechanism, the quasi-molecular orbital (QMO) has been suggested as a good basis with consideration of the strong anisotropic hybridization between 5d orbitals of neighboring Ir atoms. [13] The zigzagtype AFM ordering occurs as a consequence of the energy gain from the gap opening at the zone boundary. [18, 21] The Coulomb correlation of 5d electrons is considered just to enhance the band gap. Larger extension of 5d orbital and multi-peak features in photoemission spectrum (PES) and optical conductivity seem to support the Slater-type mechanism. However, in the Slater-type mechanism, it is hard to explain the observed PM insulating state well above T N . Therefore, the issue is whether the local AFM ordering is essential in describing the insulating state of Na 2 IrO 3 or not.
In this letter, we have investigated T -dependent electronic structures and magnetic properties of Na 2 IrO 3 , using the combined scheme of the density functional theory (DFT) and the dynamical mean-field theory (DMFT), [26, 27] and unraveled its insulating nature. We have shown that Na 2 IrO 3 at room T has the electronic structure of the PM insulating state, revealing that Na 2 IrO 3 is a Mott-type insulator. Highly incoherent PES for Na 2 IrO 3 in the PM state is well described by the DMFT incorporating the local dynamical correlation. However, we have also found evidences that Na 2 IrO 3 deviates from standard Mott insulators due to extended nature of Ir 5d orbitals. The onset of the zigzag-type AFM ordering induces the significant redistribution of charge and spin densities with respect to those of J ef f =1/2 orbital. This feature implies that, even though Na 2 IrO 3 is classified into a Mott-type insulator, the superexchangebased theory assuming the rigid charge degree of freedom needs to be refined to elucidate the magnetic ordering in Na 2 IrO 3 . Moreover, optical conductivity, which corre- [34] sponds to two-particle property, is not well described by the DMFT incorporating only the local dynamical correlation. Thus, the additional non-local spatial electronic correlation is expected to be important to describe optical conductivity in Na 2 IrO 3 .
We have performed the fully charge self-consistent DFT+DMFT calculations based on the projectionembedding scheme. [28, 29] . Correlated Ir 5d electrons were treated dynamically by the DMFT local self-energy, while s and p electrons were treated on the DFT level. The SOC in the Ir 5d orbital is included in all the calculations. For Coulomb interaction parameters, U and J, we employed U =3.5 eV and J=0.8 eV for the DFT+DMFT. These parameters yield the band gap and PES spectrum in good agreement with the experiment. The DFT part calculation was done by using the full-potential linearized augmented plane wave (FLAPW) band method. [30, 31] For the DFT+DMFT calculation, T = 300 K was chosen, and the PM state is assumed. We adopted experimental crystal structure of Na 2 IrO 3 . [8] We used numer- ical j ef f =1/2, j ef f =3/2, and e g bases for Ir 5d electrons in the DFT+DMFT, which diagonalize the infinite frequency hybridization function ∆(ω = ∞) in the local impurity Green's function of the DMFT result. As shown below, these j ef f bases are consistent with relativistic J ef f projectors for t 2g orbitals in the cubic symmetry. [16, 17] In comparison, we have also performed the DFT and DFT+U calculations. [32] For the DFT+U , we used U = 2.75 eV and J = 0.6 eV, following the existing calculation. [33] We assumed, for the magnetic structure, the observed zigzag-type AFM ordering. [8, 22] See the Supplemental Material (SM) for computational details.
[34] Figure 1 (a) and (b) presents partial density of states (PDOS) of j ef f =1/2, j ef f =3/2, and e g states in the DFT and the DFT+DMFT, respectively. The PDOS in the DFT in Fig. 1(a) shows six peaks in the t 2g part. Due to anisotropic solid environment in Na 2 IrO 3 , the effective orbital degeneracy in the t 2g manifold is seen to be well lifted. Mazin et al. [13] interpreted these six peaks as the QMOs resulting from strong intra-and weak interhexagon hybridizations. On the other hand, in the two uppermost t 2g -driven bands, j ef f =1/2 orbital (red solid) has main contribution with a small amount of j ef f =3/2 (black dot) contribution. These QMO-driven six peaks and dominant contribution from j ef f =1/2 near E F are consistent with previous experimental and theoretical reports. [16, 17, 19] The metallic PDOS in the DFT is not consistent with the insulating ground state of Na 2 IrO 3 .
The PDOS in the DFT+DMFT in Fig. 1(b) shows clear Mott gap of ∼400 meV size in the j ef f =1/2 states near E F , as is consistent with experiment. [11] Note that 3 ) for charge densities, and 0.015 (e/a.u.
3 ) for spin densities.
the DFT+DMFT calculation was done for the PM state (not AFM state) at T = 300 K well above T N =15 K. Therefore, the gap opens not due to the AFM celldoubling but due to the Coulomb correlation effect. This result demonstrates that Na 2 IrO 3 can be classified into a Mott-type insulator. This Mott insulating state of Na 2 IrO 3 well above T N is different from the suggested marginal Mott insulating state for Sr 2 IrO 4 . [15] It is also noteworthy in Fig. 1(b) that, due to the correlationinduced imaginary part of the dynamical self-energy, t 2g -driven PDOSs in the DFT+DMFT are significantly broadened with respect to those in the DFT.
The correlation-induced band gap and incoherent features are more clearly seen in the spectral function plot in Fig. 1(c) . As shown in the Supplemental Material, [34] the spectral function becomes more and more incoherent with increasing U , which clearly indicates that the incoherent feature is induced by the correlation effect. It is also notable that the incoherent feature is more prominent for j ef f =1/2 than for j ef f =3/2 states.
The correlation-induced incoherence in the DFT+DMFT is essential to describe the measured PES of Na 2 IrO 3 . In Fig. 2 , Ir 5d dominant PES near E F is compared with Ir 5d PDOS obtained from both the DFT+U and the DFT+DMFT. In the PES, there seem to be two dominating peaks, which are significantly broadened. [11] Our DFT+DMFT result shows the pronounced two peaks that are broadened by the correlation-induced incoherence. This dynamical correlation-induced incoherence feature is consistent with previous report on Na 2 IrO 3 , [23] which analyzed the PES spectra based on the model Hamiltonian. It is also shown in Fig. 2 that, the DFT+U with static correlation yields four peaks, which is not consistent with the measured PES.
When describing the magnetic interaction in the Mott insulating state of Na 2 IrO 3 , the charge distribution of t 2g -driven unoccupied state is usually considered as a rigid object, which is determined by local interactions such as the crystal field and the SOC. [5, 14, 25] We have confirmed that onset of the zigzag-type AFM ordering induces the significant redistribution of the unoccupied Ir t 2g state, while the local dynamical correlation in the PM state does not induce the redistribution. Figure 3 illustrates this argument. In Fig.  3(b) , the charge density of the unoccupied Ir t 2g band in the DFT is plotted. The cubic-shaped charge density indicates the dominant J ef f =1/2 character of the band. Figure 3(c) presents the projection Z(ω, U ) between numerical j ef f =1/2 bases in the DFT and the DFT+DMFT with varying U . j ef f =1/2 bases were obtained from the diagonalization of the hybridization function at zero and infinite frequency (∆(0) and ∆(∞)), with and without considering the self-energy contribu- [11] and Exp 2 from Ref. [17] , are compared with calculated optical conductivities using the DFT+DMFT, the DFT+U (U = 2.75 eV), and four-site cluster multiplet calculations. [20] tion for the DFT+DMFT and the DFT, respectively. j ef f =1/2 orbital for ω = ∞ is relevant to the single ion anisotropy, while j ef f =1/2 orbital for ω = 0 is relevant to the low energy electronic excitation. [15, 35] As shown in Fig.3(c) , Z(ω, U ) is nearly constant with respect to the variation of U , and close to 1 for ω = ∞ and 0.995 for ω = 0. This result implies that numerical j ef f =1/2 bases of the DFT and the DFT+DMFT resemble each other. Namely, the local correlation does not affect the charge distribution, and so the DFT+DMFT has similar charge distribution of unoccupied t 2g -driven band to that of the DFT. On the other hand, the onset of the zigzag-type AFM ordering induces significant elongation of charge density along the ferromagnetic chain direction, as shown in Fig.  3(e) for the DFT+U result. Spin densities in Fig. 3(d) and (f) also verify this phenomenon. In the J ef f =1/2 basis, the spin densities from three different orbitals in the t 2g manifold have equal up, up, and down spin contributions. In our DFT+U results with the zigzag-type AFM ordering, the orbital component directed normal to the ferromagnetic chain is much smaller than other two orbital components directed along the ferromagnetic chain. As a result, the ratio between orbital and spin moment (µ L /µ S =1.59 with µ tot =0.70 µ B ) deviates largely from the ideal J ef f =1/2 case of µ L /µ S =2. This feature indicates that there will be significant redistribution of charge in the AFM transition due to the extended nature of Ir 5d orbital, [36] which is not expected for the superexchange-based magnetic interaction in the normal Mott insulating state.
In Fig. 4 , experimental optical conductivities σ(ω)'s are compared with computed optical conductivities from the DFT+DMFT, the DFT+U , and four-site cluster multiplet calculations. [20] In experiments, only one peak is dominant in the optical spectrum. [11, 17] In the DFT+U , there occur two main peaks, as in previous DFT+U calculation, [33] which does not seem to be consistent with experiments. The peak near 0.75 eV should be suppressed. In the DFT+DMFT, the peak near 0.75 eV is significantly suppressed due to the incoherency from the local self-energy. However, overall peaks are shifted upward and the main peak position (∼2 eV) is not consistent with the experimental main peak position (∼1.5 eV). If we use smaller U in the DFT+DMFT, the main peak position is matched but the peak near 0.75 eV is not suppressed, and so the resulting σ(ω) becomes similar to that of the DFT+U (see the SM). [34] The inconsistent DFT+DMFT result suggests that the local dynamical correlation is not sufficient to describe optical conductivity of Na 2 IrO 3 , which corresponds to a two-particle property.
In contrast, the optical conductivity from the foursite cluster multiplet calculation seems to be well consistent with experiments, suggesting the importance of the non-local correlation effect in Na 2 IrO 3 . [20] Similar feature was found in cuprate too, for which PES that is single particle property is well described by the single-site DMFT, but optical conductivity that is twoparticle property is described only by the cluster DMFT calculation. [37] Thus, it is expected that the non-local correlation effect would be important for optical conductivity due to the extended nature of Ir 5d orbital in Na 2 IrO 3 . More systematic study of cluster-size dependency of the optical spectrum would be an interesting future subject.
In conclusion, we show that Na 2 IrO 3 is a Mott-type insulator. Differently from Sr 2 IrO 4 , the Mott insulating state persists in the PM state well above T N . The local correlation-induced incoherence in this Mott insulating phase explains the measured PES spectrum of Na 2 IrO 3 well. Yet, due to the extended nature of 5d orbital, the insulating nature of Na 2 IrO 3 is different from that of a standard Mott insulator. The onset of AFM ordering induces significant redistribution of charge. The analysis of optical conductivity suggests that the non-local correlation effect also plays a role in Na 2 IrO 3 . Therefore, our results indicate that Na 2 IrO 3 has the Mott-type insulating nature, but the itineracy of the charge degree of freedom and the non-local correlation effect should also be taken into account to describe physical properties of this system having localized and itinerant duality of 5d electrons.
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